This research aims to understand the flushing of by-products in electrochemical machining (ECM) by modeling and experimentally verifying mechanism of particle transport in inter-electrode gap under low frequency vibration. A series of hole were drilled on steel plates to evaluate the effect of vibration on material removal rate and hole quality. Infinite focus optical technique was used to capture and analyze the three-dimensional images of ECM'ed features. Experimental results showed that maximum machining depth and minimum taper angle can be achieved when vibrating the workpiece at 40 Hz and 10 µm amplitude. Simulation results showed that the highest average flushing speed of 0.4 m/s was obtained at this vibration frequency and amplitude. Machining depth and material removal rate had a positive correlation with the average flushing speed. Sharper ECM'ed profile is obtained since the taper angle is favorably reduced at high average flushing speed. The emphasis on fuel economy and passenger safety have led to a remarkable increase in the usage of high strength low alloy (HSLA) steels in automobile application due to their high strength-to-weight ratio, and higher fatigue resistance than carbon steel. Engineering components using HSLA steels usually have complex geometries and are manufactured by various metal forming techniques. Fabrication of holes and slots on HSLA steel, for example, is a common work procedure when designing engineering components. Drilling, milling, punching, laser cutting and electro-discharging machining (EDM) are general processes that applied to shape a component. However, microstructural damages, expensive deburring and time consuming residual stress relieving treatment prompt researchers to consider alternative manufacturing techniques. Cubic boron nitride (CBN) and coated carbide tools are required when machining HSLA steels due to its high strength and poor machinability. High energy is required to shear the chips which results in thermal-induced defects in the materials and costly tool wear. When punching/stamping HSLA steels, it requires high energy, very tough yet hard cutting tool material, high stiffness of tool holder, are pre-requisites for successful punching holes on HSLA steels due to work-hardening property of HSLA steels. Although laser cutting has the advantages of no mechanical cutting forces and tool wear; its high energy-consumption, low MRR, tapering cutting profile, thermally induced residual stress on laser cut surfaces are inherent drawbacks of this process. In the EDM process a conductive material can be removed without mechanical contact forces and independent of material hardness. Although EDM can be used to form features on HSLA steels, but a defective EDM'ed subsurface and relatively slow MRR limit the application of EDM for demanding and high volume applications. A recast layer after EDM'ing is under high residual stress and may contain voids and microcracks; heat affected zone beneath recast layer undergoes microstructure morphing; insufficient flushing leads to abnormal discharging and resulting in extensive electrode wear. In all traditional and nontraditional processes, inevitable burrs are formed and must be removed in subsequent operations that further drives up the lead time and manufacturing cost.
The emphasis on fuel economy and passenger safety have led to a remarkable increase in the usage of high strength low alloy (HSLA) steels in automobile application due to their high strength-to-weight ratio, and higher fatigue resistance than carbon steel. Engineering components using HSLA steels usually have complex geometries and are manufactured by various metal forming techniques. Fabrication of holes and slots on HSLA steel, for example, is a common work procedure when designing engineering components. Drilling, milling, punching, laser cutting and electro-discharging machining (EDM) are general processes that applied to shape a component. However, microstructural damages, expensive deburring and time consuming residual stress relieving treatment prompt researchers to consider alternative manufacturing techniques. Cubic boron nitride (CBN) and coated carbide tools are required when machining HSLA steels due to its high strength and poor machinability. High energy is required to shear the chips which results in thermal-induced defects in the materials and costly tool wear. When punching/stamping HSLA steels, it requires high energy, very tough yet hard cutting tool material, high stiffness of tool holder, are pre-requisites for successful punching holes on HSLA steels due to work-hardening property of HSLA steels. Although laser cutting has the advantages of no mechanical cutting forces and tool wear; its high energy-consumption, low MRR, tapering cutting profile, thermally induced residual stress on laser cut surfaces are inherent drawbacks of this process. In the EDM process a conductive material can be removed without mechanical contact forces and independent of material hardness. Although EDM can be used to form features on HSLA steels, but a defective EDM'ed subsurface and relatively slow MRR limit the application of EDM for demanding and high volume applications. A recast layer after EDM'ing is under high residual stress and may contain voids and microcracks; heat affected zone beneath recast layer undergoes microstructure morphing; insufficient flushing leads to abnormal discharging and resulting in extensive electrode wear. In all traditional and nontraditional processes, inevitable burrs are formed and must be removed in subsequent operations that further drives up the lead time and manufacturing cost.
Electrochemical machining has been applied in aerospace, automobile, medical, and, recently, in micro manufacturing. This technique, based on the principle of controlled atomic-level anodic dissolution, has been used to fabricate complex shapes from any electrically conductive components. This is particularly useful to shape engineering alloys that are difficult to be machined such as HSLA steels, tool steels, tungsten carbides and super alloys. Moreover, ECM does not induce any thermal or mechanical stresses/surface effects on the workpiece, the process generates no burr, has no tool wear, yet can achieve excellent surface quality as in electrochemical polishing. Eliminating secondary processes for deburring and stress relieving, the ECM is a promising technique to machine/polish HSLA steels if a decent material removal rate can be achieved.
Ion transport movement is the basic mechanism that controls the material removal rate in ECM. When two electrically conductive materials are closely placed in the presence of an electrolytic fluid that conducts ions, the anodic workpiece releases ions towards the cathodic electrode. If the cathodic electrode (tool) moves at a controlled feed rate and motion toward anode, a desirable shape can be formed on the anodic workpiece. An electrolyte flows between two electrodes to enhance ion transport, maintain the temperature, and flush the resulted debris. If the newly formed by-products in inter-electrode gap (IEG) are not effectively flushed away from an anode surface, cumulative ions would be stagnant and inhibits further ion dissolution, therefore, affecting material removal rate (MRR) and quality of ECM'ed profile. Thus, increase the ion transport rate and effective flushing of by-products are keys to improve the material removal rate. The movement of ions is controlled by three processes [1] : i) Migration, i.e. movement under the influence of the electric field; ii) Diffusion, i.e. movement due to ion concentration gradients in the solution; iii) Convection, i.e. bodily movement of the electrolyte solution; this is mainly effected by force agitation of the electrolyte in ECM.
Therefore, a high MRR requires fast ion and by-product movement rates (i.e. migration rate, diffusion rate and convection rate). Researchers have attempted to utilize different techniques to improve these transport rates: by applying a high voltage to increase migration rate, increasing high electrolyte flow rate to increase diffusion rate, vibrating either workpiece or electrode to increase MRR. A study of by-product flushing in ECM to enhance the MRR with pulsed current and low frequency workpiece vibration is the focus of this research.
LITERATURE REVIEW

Electrolysis
Since the major composition of HSLA steel is iron (97-99%), during ECM process several possible reactions may occur at the workpiece and electrode. The reaction is the dissolution of iron at anode.
At the electrode, hydrogen and hydroxyl ions are produced:
Thus, the overall reaction of iron in ECM process is:
Ferrous hydroxide Fe(OH)2 may further react with water and oxygen to form ferric hydroxide Fe(OH)3.
The iron dissolution rate (material removal rate) is governed by Faraday's two laws of electrolysis: i) The amount of any substance dissolved or deposited is directly proportional to the amount of electrical charges which has flowed; ii) The amounts of different substances deposited or dissolved by the same quantity of electrical charges are proportional to their chemical equivalent weights. The two laws may be combined to give the equation:
Where; MRR = material removal rate (mm 3 /s), V = removed volume (mm 3 ), M = molecular mass of anodic workpiece (g/mole), d = workpiece density (g/cm 3 ), E = applied voltage (V), A = effective electrode area (mm 2 ), = inter-electrode gap (mm), r = resistivity of electrolyte (Ω mm), z = valence electron of anode, t = machining time (s), F = Faraday constant = 96500 Coulomb/mole, and C: specific removal rate of workpiece (mm 3 /A/s).
Although equation (5) suggests the MRR is the volume removal rate, some researchers change it to mass removal rate for the convenience of measurement.
Effect of Higher Voltage
The original Faraday's work used direct current for electrolytic plating; it assumed the anodic ion removal rate is the same as the rate for ion depositing on cathode and chemical replenishing rate. From equation (5), a higher applied voltage would result in a higher MRR.
ECM using copper electrode with square cross section, 20 × 40 mm high carbon alloy steel workpiece, 10% NaCl electrolyte with 6 m/s flow rate and 0.2 mm IEG was investigated [3] . When the applied voltage increased from 24V to 32V, the resulted MRR increased 15% from 2.575 mg/min to 2.960 mg/min. Similarly, other researchers [4] used copper electrode with square cross section, 30 × 6 mm alloy steel workpiece, 20 g/L NaNO3 electrolyte with 7 L/min electrolyte flow rate and 0.6 mm/min electrode feed rate. When the applied voltage increased from 12 V to 16 V, the authors found that MRR increased 23% from 0.0514 g/min to 0.0634 g/min. The trend was also reconfirmed by other authors [5] who used 16 mm solid brass electrode, 19 mm EN-8 steel workpiece, 45 g/L NaCl with 12 L/min electrolyte flow rate and 0.8 mm IEG. When the applied voltage increased from 10 V to 30 V, the MRR increased a significant 204% from 0.33445 g/min to 1.01855 g/min.
It has been experimentally verified that MRR increases with applied voltage or current. On an active material that forms a passive film on its surface, a higher current would breakdown the passivated film and facilitate the electrochemical reaction between electrodes [6] . In addition, a higher voltage facilitates the migrating rate which also enhances MRR due to accelerating ion transport.
Effect of Pulsed Current
In a conventional electrochemical machining, a DC power is generally applied, and the electrolyte between interelectrode gap is easily boiled due to the energy dissipation of high current density, which results in a varying local distribution of electrolyte conductivity and hence leads to poor machining accuracy. A higher voltage/current also results in more undesired products and heat which require a higher electrolyte flow rate to remove. Pulsed current, instead of direct current, has been applied in ECM to enhance the process. Pulsed ECM leads to higher dimension accuracy, better surface quality, better process stability, and suitability to online process control. These benefits are obtainable due to several factors [7] : i) Enhancing localized anodic dissolution, ii) Improving electrolyte hydrodynamic uniformity in the IEG by removing undesired by-products and reducing heat during off-time, iii) Reducing and stabilizing IEG, and iv) Reducing required electrolyte flow rate.
When applying pulsed voltage in ECM, the combination of peaked voltage, duty cycle and voltage frequency exert influence on MRR and dimension accuracy. ECM using 9.5 mm stainless steel electrodes with Teflon coated on both outside and inside, 60 mm × 40 mm × 6.3 mm 1018 steel workpiece, 1 mol/L KBr electrolyte, 13 A average current was studied [8] . When the current frequency was switched from 0 to 60 Hz, the MRR increased slightly from 34.3 to 34.9 mm 3 /min, but when increasing the current frequency to 100 Hz, the MRR then increased to 36.4 mm 3 /min.
Other authors used 200 µm platinum wire electrode, 6 mm × 4 mm × 0.4mm copper plate workpiece, 15 g/L NaNO3 electrolyte, 10 V peak voltage and 50 Hz voltage frequency. When the duty cycle increased from 25% to 75%, the MRR increased 500% from 0.2 mg/min to 1.2 mg/min but the overcut also increased from 0.04 mm to 0.07 mm [9] .
Some researchers [10] used 335 µm stainless wire electrode, 15 mm × 10 mm × 0.15 mm bare copper workpiece, 20 g/L NaNO3 electrolyte and 3.5 V peak voltage. For a specific value voltage frequency, i.e. at 35 Hz, MRR initially increased with an increase of duty cycle to the maximum value, but the MRR then decreased with further increasing in duty cycle at a preset machining parameters. The paper cited that the MRR increased with an increase of duty cycle due to more machining time. With further increased in duty cycle, the MRR decreased in small span of off time due to inefficient removing of by-products from the machining zone that led to improper dissolution of workpiece material. In addition, radial over cut increased with increasing duty cycle. Since by-products were inefficiently flushed away from machining zone during shorter off-time (i.e. higher duty cycle), the presence of by-product microparticles between electrodes would increase the chance of micro-sparking when high voltage applied and hence increased the radial over cut. Moreover, localized effect diminished with an increasing in duty cycle. For a specific duty cycle, i.e. 60%, when voltage frequency increased from 35 to 55 Hz, the MRR increased 12% from 0.821948 to 0.91998 g/min and the radial overcut increased from 0.161 to 0.203 mm.
Effect of Electrolyte Flow Rate
Diffusion rate is another major factor that affects the ion transport. Although an electrolyte can be static in theory, it is commonly pumped at high flow rate to flush away by-products, reduce electrolyte temperature and replenish fresh electrolyte in IEG.
ECM with copper electrode with square cross section, 30 × 6mm alloy steel workpiece, 20 g/L NaNO3 electrolyte, 0.6 mm/min electrode feed rate and 14 V applied voltage was investigated [11] . When the flow rate increased from 5 L/min to 9 L/min, the MRR increased 98% from 0.0242 to 0.0478 g/min, and the surface roughness reduced from 3.241 to 2.785 µm.
Other authors [5] However, a high electrolyte flow rate requires an elaborate pumping system and a heavy machine frame to maintain rigidity. A very high flow rate may introduce two drawbacks: i) non-uniform electrolyte hydrodynamic condition in the IEG result in poor machining dimensional accuracy and ii) cavitation results in poor surface quality.
Effect of Ultrasonic Vibration
In addition to low frequency vibration of workpiece or electrode, some researchers explored the effect of ultrasonic vibration on ECM process. Some authors [12] used brass electrode, NC6 steel workpiece, 20-120 W ultrasonic vibration power with 10 µm maximum vibration amplitude at 20 kHz. They found a slight improvement in surface finish from 1.5 µm to 1.0 µm, and concluded that specific ultrasonic amplitude for each combination of machining parameters would result in an optimal surface finish. Instead of applied ultrasonic vibration on electrode or workpiece, some researchers set up an ECM cell in ultrasonic baths at either 20 kHz or 56 kHz [13] . The effect of ultrasonic wave was expected by the transmission of high frequency wave through the glass walls of the electrochemical cell. Using 10 A current and changing vibration frequencies from 0 to 20 kHz, the authors found the MRR increased slightly from 0.194 g/min to 0.197 g/min. When increasing vibration frequency to 50 kHz, the MRR increased to 0.207 g/min. The study concluded that insignificant improvement was due to the ineffective transmission of ultrasonic wave through glass wall into the IEG gap of ECM cell.
Other researchers [14] used ultrasonic probe to send 20 kHz ultrasonic wave to workpiece surface via flowing electrolyte. The authors used 6061-T6 aluminum workpieces of 60 mm × 50 mm × 6.3 mm, Teflon coated stainless steel tubular electrode with 9.5 mm outer diameter and 8.9 mm inner diameter, 1 mol/L KBr electrolyte, 22 A peak current. When applying 275 Hz current frequency and increasing ultrasonic amplitudes from 0 to 15 µm, the authors found improvement of surface roughness Ra from 2.5 to 1.1 µm but at the expense of MRR. The generation and implosion of microbubbles due to cavitation at workpiece surface interfered with ionization mechanism at anode, they concluded.
Effect of Low Frequency Mechanical Vibration
Convection is the most significant factor that affects ion transport mechanism. To improve the convection rate, researchers have attempted to vibrate either electrode or workpiece at different vibration frequency and amplitude to enhance the process. Low-frequency vibration of either anode (workpiece) or cathode (electrode) cyclically alters the IEG to enhance flushing of debris while refreshing the anode surface with new electrolyte.
Assuming perfect synchronization of pulsed current and workpiece vibration, a single vibration cycle can be divided into two individual movements: a downward movement (that reduces IEG) and an upward movement (that increases IEG). A smaller IEG reduces the system resistance, increases the current passing through the electrode, and removes more material from the anode by ionization. On the other hand, a large IEG enhances flushing conditions of by-products and helps to bring in fresh electrolyte for the next cycle.
Some researchers [15] pointed out that longitudinal vibration in ECM enhanced the circulation of electrolyte. At the maximum IEG, the decreased pressure in IEG generates transient cavitation or micro bubbles of electrolyte vapor. During the next half vibration cycle, the tool moved toward to workpiece. While in the minimum IEG, pressure inside the IEG increased and micro bubbles collapses rapidly. This phenomenon generated electrolyte turbulence which drives out reaction products from the machining zone. Fresh electrolyte was forced in IEG when tool moves away from the workpiece in the next oscillate cycle.
Other investigators [16] used brass tube electrode with 8mm outer diameter and 3.5mm inner diameter, 20 g/L NaCl electrolyte, 6 L/min electrolyte flow rate, 1 mm/min electrode feed rate, 18 V applied voltage and 50 Hz voltage frequency. The electrode was externally insulated with a thin layer using epoxy resin to avoid undesired side cutting. Experimental results illustrated that significant effect of the tool vibration amplitude on the overcut value was pronounced at the lowest tool amplitude values (20 µm peak-to-peak). The value of the overcut decreased with a ratio of 15% at tool amplitude of 20 µm (peak-to-peak) more than that with zero tool amplitude. The result was due to the fact that a higher tool amplitude value caused a greater stray current during the tool motion, which led to an increase of MRR on the side of workpiece. Conicity is defined as:
Where; = conicity (%), D1 = hole diameter at level 1 (mm), D2 = hole diameter at level 2 (mm), and H = height between the two level (mm).
The conicity decreased with increasing vibration amplitude. The application of low-frequency vibration to the ECM tool reduced workpiece conicity with a ratio about 23% (4.5%-3.5%) than that without vibration. This effect was due to the effectiveness of the pumping action at the frontal zone, intense flushing of the IEG with fresh electrolyte and evacuation of the by-products, which resulted in the decrease of lateral material removal and conicity improvement.
Other authors [10] used 335 µm stainless steel wire electrode, 10 mm×10 mm× 0.15 mm bare copper workpiece, 20 g/L NaNO3 electrolyte, 3.5 V applied voltage, 45 Hz voltage frequency and 60% voltage duty cycle. When the vibration frequency increased from 100 Hz to 300 Hz, the resulted MRR increased 10% from 0.89469 g/min to 0.98655 g/min. The authors concluded that at higher vibration frequency, the MRR increased from the consequence of proper dissolution of anode material and greater amount of reaction material being flushed away from IEG.
Others [2] used 160 µm tungsten electrode with 5 µm insulate layer, 321 stainless steel workpiece with 0.5 mm thickness, 5wt% NaNO3+0.8wt% EDTA-Na2 electrolyte, 6 V voltage with 50% duty cycle, 2 KHz pulsed voltage and 15.6 µm IEG, 3-14 µm vibration amplitude, and 50-200 Hz vibration frequency. These authors applied low frequency vibration on the workpiece instead of electrode, pointed out that a low frequency vibration would help the overall process efficiency by: i) Ejecting reaction products away from the electrode faces, and ii) Maintaining a stable electrolyte field within IEG, therefore enhancing MRR. At a low vibration frequency of 50 Hz, the MRR increased about 5 times to 0.0388 mg/min (when vibration at 12 µm amplitude) from 0.0062 mg/min (without vibration). A peak value of MRR existed at certain amplitude for each vibration frequency, i.e., at 50 Hz, 12 µm vibration amplitude generated maximum MRR. On the contrary, at higher vibration frequency of 200 Hz, the vibration amplitude had negligible influence on MRR: 0.0066 mg/min at 8 µm vibration amplitude, compared with 0.0062 mg/min without vibration. At constant vibration amplitude, the MRR initially increased then decreased with increasing vibration frequency. For a preset vibration amplitude (4 , 6, and 8 µm), the resulted MRR initially increased as vibration increased, but after obtaining the maximum MRR at 50 Hz, then MRR decreased with increasing of vibration frequency.
Effect of large range vibration frequency was also studied [17] . The authors used stainless steel electrode, 15 mm ×10 mm × 0.15 mm bare copper plate workpiece, 20 g/L sodium nitrate electrolyte, 3 V voltage, 55 Hz voltage frequency, 66% duty cycle and 0.144 mm/min electrode feed rate. A wide range of frequency 50-23,000 Hz was selected for electrode vibration. Vibration amplitude was 4.5 V-RMS. Experimental results showed that electrode vibration at kHz ranges had no significant influence on MRR (~0.6 mg/min) and overcut (~0.1 mm). However, at lower ranges of electrode vibration, a higher MRR (~1.75 mg/min) and lower overcut (0.04 mm) were obtained.
The enhanced MRR and dimension accuracy attributed to the introduction of electrode tool vibration in Hz range during ECM process which eliminated the passive layer from the effective machining area of workpiece surface, and thereby improved the ECM actions.
To continue improve MRR in vibration-assisted ECM, synchronization of mechanical vibration with pulsed current was introduced. During this process, the electrode feeding toward the anode was overlaid with cathode vibration, which results in two different process phases. During minimize gaps size, a pulse current with a pulse duration applied. The resistance between IEG will decreased due to the tool vibration, which led to more efficient material dissolution. The maximum gap size achieved when electrode moved away from workpiece, which improved the flushing conditions and hence a better removal of the reaction products as compared to the minimum gap size condition [18] .
Experimental data from literature show that ultrasonic vibration would improve ECM'ed surface finish and low frequency vibration would improve MRR. This research fills the gap by studying vibration-enhanced ECM at low frequencies than 50 Hz from both theoretical and experimental approaches. The following sections detail the experimental procedure and steps to simulate the flushing of by-products, and then compare simulation results with experimental data on MRR and quality of ECM'ed features.
EXPERIMENTS
A horizontal vibration assisted ECM system was developed in this study. Referring to Figure 1 , a workpiece plate (#5) was mounted with workpiece surface in vertical direction and an electrode (#6) traveled horizontally into the workpiece with feed rate controlled by a computer controlled positioner (#7). Workpiece vibration was precisely generated by an electrodynamic shaker (#1). A pulsed power supply (#13) and two high-flow-rate pumps (#11, 16) completed the ECM cell. Details of the cell components are listed in Table 1 . Stainless steel tubes ( 9.5 mm OD, 0.3 mm thick) were selected as electrodes. Both 13 mm ends of an electrode were commercially coated with Teflon to form a nonconductive layer of 0.02 mm thick on both outside and inside. The coated ends were carefully sanded off using 600-grit abrasive paper to make it electrically conductive.
Although the main application of this study was for ECM of Domex 550MC HSLA steel, plain carbon 1018 steel was used in the experiments. By calculating specific material removal rates (the variable C in equation (5)) of each chemical elements of each materials (Table 2) , it can be shown that the specific material removal rates of both materials are comparable: 1018 = 3.67 × 10 −2 mm 3 /As and = 3.63 × 10 −2 mm 3 /As [8] . Workpieces were sawed and ground to rectangular samples (50 × 60 × 3.5 mm). Relevant physical and mechanical properties of two materials are shown in Table 3 . The EVERLAST 255 EXT DC power supply provides either DC or pulsed DC of 3-150 A up to 500 Hz pulsed current frequency. Since a high peak current may generate sparks that damage the workpiece and electrode, the peak current was set at 26 A, current frequency at 500 Hz and 50% duty cycle for all experiments.
Potassium bromide (KBr, 1 mol/L) was used as electrolyte. Each experiment run was started with electrolyte temperature in the range of 21-25 °C. Temperature or the electrolyte was measured before each experiment using an OMEGA HH374 data logger thermometer. Electrolyte conductivity, measured before each run using the Hannah HI 8733 conductivity meter, was in the range of 111-121 mS/cm. Although the metallic by-products in used electrolyte could be filtered using centrifugal method in small quantity, the settling method was used for a large quantity of used electrolyte. In the later method, the used electrolyte mixed with metallic by-products was stored in a used electrolyte container overnight so that the heavy metallic and salt by-products would be settled at the container bottom. The clear electrolyte at the top was separated by a peristaltic pump and used for subsequent experiment if its conductivity was still comparable with that of the fresh electrolyte. The Labworks ET-132-2 electrodynamic shaker was powered by the Labworks PA-151 linear power amplifier that in turn controlled by an Agilent 33250A waveform generator. The computer controlled positioner included two Velmex motorized frames, a rotary plate and a VXM-3 controller system. The system has a load capacity of 15.9 kg horizontally and 4.5 kg vertically with straight-line accuracy of 0.076 mm over a linear distance of 25 cm, feed rate range 2.5-5000 µm/s, and repeatability of 0.0025 mm. A TENMA 72-6202 multimeter was used to detect electrical contact between conductive electrode and workpiece. Initial inter-electrode gap was set at 0.3 mm for every experiment. Electrode feed rate was fixed at 15 µm/s and the electrode travel distance was programmed to be 2.5 mm from the starting position. All experimental conditions are summarized in Table 4 .
After ECM'ed, all samples were rinsed and clean with water in an ultrasonic bath for 1 minute and then dried with compressed air. All samples were positioned in a glass beaker in the bath with ECM'ed holes facing downward to facilitate removal of residual particles from the hole. The Alicona Infinite Focus 3D profiler was used to analyze ECM'ed machined depths, surface finish, and wall taper angles. 4 COMPUTER SIMULATIONS Recall that ECM on steel would form iron hydroxide by-products that need to be flush away for effective process (equations 3-4). The by-product was assumed to be spherical particles with dimensions to be measured experimentally. The ANSYS Fluent was used to simulate how the particles would move in vibration assisted pulsed ECM. The effects of vibration frequency and vibration amplitude on particle average flushing speed were investigated. Figure 2 illustrates the free-body diagram of a particle P in the IEG. The particle, between two electrodes and form and angle θ with the horizontal axis, is subjected to gravity force, buoyance force, and drag force in flowing electrolyte. Due to the axisymmetric electrode, the drag force is in radial direction away from the tube center. When projecting all forces in the radial direction:
Where; Fd = drag force, Fr = total force along radial direction, G = gravity force, and Fb = buoyance force
Since the solid particle density is higher than the density of electrolyte, the buoyance force of this particle is always smaller than its gravity force, thus the minimum value of radial direction force equals to − ( − ) when = 2 ⁄ , and the maximum value of this force equals + ( − ) when = 3 2 ⁄ . The location at = 2 ⁄ is the hardest location for reaction particle to flush away, as shown in Figure 3a (location A). In this study, location A will be taken as simulation cell zone. The thickness of the electrode is 0.3 mm (Figure 2 ) and the initial distance between workpiece and electrode is 0.3 mm, thus the simulation zone is a 0.3 mm × 0.3 mm square box (  Figure 3b ). Electrolyte flow speeds were set to be 2, 3, and 4 m/s. The workpiece vibration follows the sine wave:
Where; x = location of workpiece relative to the fixed origin (the negative sign means the workpiece movement toward the left and away from the origin), A = vibration amplitude, and f = vibration frequency.
At beginning, the particle center was located at lower left corner (  Figure 3b ) with particle initial velocity of 0 m/s. Boundary conditions in simulation are listed in Table 5 . A simulation procedure stopped when the -coordinate of particle center was larger than 0.3 mm, i.e. when the particle was flushed away from the electrode surface. Simulation steps are detailed in the Appendix. To investigate the influence of the vibration frequency and vibration amplitude and electrolyte flow speed on average flushing speed, two series of simulations were conducted: i) The first series simulation was used to build a relationship between experimental results and simulation results.
Three input levels for each variable were set (Table 5) . Thus, total number of simulation run was 3 2 = 9. ii) The second series simulation was used to theoretically investigate the maximum flushing speed for the experimental system. The electrolyte flow speed was fixed at 4 m/s, and input current for vibration table was fixed at its maximum value (7 A), the corresponding vibration frequency and vibration amplitude will follow 2 = constant based on the specifications of system and are listed in iii) Table 6 .
RESULTS AND DISCUSSIONS
The effects of vibration amplitude and vibration amplitude on average flushing speed will illustrated by simulation results. Identification of ECM by-product, hole profile, relationship between average flushing speed, and machining depth/taper angle are also demonstrated in the following sections.
By-products
A SEM image of ECM by-products is shown in Figure . Although the particles are coagulated to different shapes, the single particles have different sizes in the range 0.5-4 µm. It is assumed for simplicity that the particle is spherical with average size of ~2 µm. An EDX spectrum on dried particles on carbon tape (Figure ) suggests that the by-product is iron hydroxide. Elements of the KBr electrolyte are absent after the by-products were repeatedly rinsed in deionized water. 
Simulation of Average Flushing Speeds
Recall that the simulation cell is 0.3 mm × 0.3 mm (  Figure 3b ), and a simulation will be terminated if the -coordinate of a particle center is larger than 0.3 mm. A typical particle moves along -direction is shown in Figure 4 . Average flushing speed, , is defined as the secant slope of particle path:
In Figure 4 a particle takes 831 µs to travel a distance of 300 µm, then its average flushing speed is 0.3610 m/s. The effect of vibration frequency on average flushing speed at = 7 is shown in Figure 5 . The average flushing speed decreases with increasing vibration frequency. Neglect the effect of the workpiece vibration on the particle movement along electrode direction, the distance between workpiece and the particle center is:
Where; dg = gap between particle center and workpiece surface (mm), Av = vibration amplitude (mm), f = vibration frequency (Hz), and A0 = initial gap between particle center and workpiece (mm). 
Equation (11) suggests that the distance between particle center and workpiece dg decreases drastically with increasing vibration frequency f. Therefore, for fixed current on vibration generator a high frequency leads to smaller gap, lesser drag force and lower average flushing speed.
Hole Profiles
The electrical field strength between a circular electrode and a flat plate can be derived [22] and schematically show in Figure 6 . The highest field strength is along a circular ring directly below the tubular electrode; the field strength is diminishing outward and away from the tube wall, but is additive to form a pronounced peak at the tubular electrode center. The result is the strong current directly below the electrode, an average current in the central region, and a weaker stray current at positions away from the electrode. The presence of an insulating coating on the electrode side significantly reduces the stray current to improve the ECM efficiency. The resulted hole profile now can be explained. Significant material is removed directly below the electrode while the corner and center position of a hole are rounded off due to weaker stray current. The agglomerated by-product particles, which collected in a small gap between electrode and workpiece, interfere with the ion transport mechanism if they are not effectively flushed away. However, the flushed particles in fast flowing electrolyte would erode and enlarge the overcut of the ECM'ed profile, and round off the sharp entrance corners. Figure 7a shows a typical 3D profile measurement of an ECM'ed profile using the Alicona system, from which a cross sectional view can be constructed and analyzed (Figure 7b ). Eight locations, 45° apart, were measured for quality assessment and repeatability. The vertical distance ℎ between top and bottom surface (a-d) is the machining depth. Neglecting the transitional curves ab and cd, the slope of line bc can be constructed which defines the corresponding hole taper angle α. The relationship between average flushing speed and machining depth is shown in Figure 10 . Due to the limitation of power supply to the vibration system, the input current can be adjusted up to 7 A at frequency <40 Hz with fixed 10 µm amplitude. This maximum current of 7 A must be maintained at frequency higher than 40 Hz with adjustable amplitudes. Simulation for frequency below and above 40 Hz shows the peak flushing average at 40 Hz while similar trend is seen for the hole depth data. There is a clear correlation between average flushing speed and machining depth.
Low frequency vibration of workpiece enhances flushing speed, enhances ion transport rate and leads to more effective machining rate. Similar results were also reported by other researchers [2] who observed that:
− At any vibration amplitude (4, 6, and 8 µm), the MRR increased when increasing vibration frequency from 0 to 50 Hz. However, the MRR dropped when increasing frequency further to 200 Hz. − At any vibration frequency (50 and 100 Hz), the MRR increased with increasing vibration amplitude in the range 0-8 µm. The maximum MRR was obtained when vibrating at 8 µm amplitude for any vibration frequency.
The maximum machining depth, therefore highest MRR, in this study is when vibrating a workpiece at 40 Hz compared to 50 Hz in other study [2] . The simulation study indicates that a higher flushing speed is expected at lower frequency ( Figure 5 ), therefore, a lower frequency with larger vibration amplitude could lead to optimal MRR. The upper bound for increasing vibration amplitude is the critical inter-electrode distance at which damaging sparks would occur due to electrical discharging. The trends from simulation and experimental data can be explained. − At either higher vibration frequency or vibration amplitude, more ions and by-products particles starting at the workpiece surface would be pushed toward the advancing electrode in the first half cycle, when the workpiece is reversed during the second half cycle, theses ions and particles --physically are away from the solid workpiece surface --are subjected to higher shear and swept away in the electrolyte flow. − When ions and by-products are effectively swept away from the workpiece surface, fresh electrolyte can be replenished to accelerate the electrochemical reactions (equations 1-4) and result in a deeper hole and a faster removal rate. Simulation and experimental data suggest a negative correlation between average flushing speed and taper angle ( Figure 15 ). Authors from a different study [16] reported a similar trend on hole shape after ECM; the conicity (slope of a cone) decreased from 3.95 to 3.25% when vibration amplitude increased from 20 to 100 µm. This trend can also be explained qualitatively:
− Vibration of workpiece leads to a higher flushing speed that breaks up agglomerated groups of by-products into smaller chunks of particles. − The smaller chunks forming between electrodes then travel up the wall of hole and out ( Figure 6 ). The smaller coalesced particles would erode the wall less and result in smaller taper angle and sharper hole profile. 
CONCLUSIONS AND RECOMMENDATIONS
This research simulates how the ion hydroxide by-product being flushing away in electrochemical machining. Simulation results and experimental data for ECM'ing 1018 steel with pulsed current and low frequency vibration were performed on a horizontal ECM system. The paper shows that: 1) Iron hydroxide particle with an average size of ø2 µm was the resulted by-product.. 2) Simulation of the motion of a single particle using computational fluid dynamic is performed to track the particle motion and speed between electrodes. Flushing of by-products is characterized by calculating of particle flushing speed when it exits inter-electrode gap. The optimal flushing speed of ~0.4 m/s was calculated for workpiece vibration frequency of 40 Hz at 10 µm vibration amplitude. 3) Simulation results suggest that a higher flushing speed can be obtained below 40 Hz if vibrating amplitude larger than 10 µm is possible without initiating damaging sparks. 4) Experimental results suggest high flushing speed of by-product leads to deeper and sharper ECM profiles. More particles are pushed away from the workpiece surface during the first half of a vibrating cycle, and they are swept away by electrolyte flow during the cycle's second half.
Future works should (i) explore the effect of vibration at lower than 40 Hz yet at higher vibration amplitude without initiating sparks, and (ii) extend the simulation to study the interaction of multiple particles in the inter-electrode gap.
Where; = particle relaxation time, ����⃗ = drag force, ����⃗ : buoyance force, ����⃗ = fluid phase velocity, ����⃗ = particle velocity, : particle volume, : fluid density, : molecular viscosity of the fluid, : particle density, = particle diameter, and = relative Reynold number.
By combining equations (A2 -A3), the equation for particle motion becomes:
During an iteration step in simulation, the source terms applied to the continuous phase equation to the new values are:
Where; = under-relaxation factor for particles, default value is 0.9 for transient flow simulation with unsteady particle tracking, otherwise is 0.5, = force, = energy, and = momentum.
For fluid phase, the governing equations derived from Navier-Stoke equation comply with the law of conservation of mass and momentum in terms of local-average variables [24] : Figure A1 . Simulation boundaries. Figure A1 , part of Figure 3 in the main text, shows the simulation boundaries. A spherical particle P starts at the lower left corner of the two-dimensional 0.3 mm x 0.3 mm simulation area. The vibration of the workpiece (governed by vibration frequency and amplitude) alters the position of this particle. The flow chart in Figure A2 show how position and velocity of the particle P are calculated. After each iteration, the position yP of the particle is compared against the vertical boundary; when the particle exits the vertical boundary (yP > 0.3 mm) then the simulation would end. 
